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A LOW-TMPEDANCE, 2.8-MHz, PULSED BUNCHING SYSTEM FOR THE LOS ALAMOS PROTON STORAGE RING*

T. W. Hardek, AT-3, MS HEB08
l.os Alamos National Laboratory, Los Alamos, New Mexico 87545

Summar

The Proton Storage Ring' (PSR) now under construc-
tion at Los Alamus Natjonal Laboratory is a device de-
signed to accept a proton beam from the 300-MeV linear
accelerator {LAMPF) and accumulate the protons to pro-
vide short, extremely high intensity bursts that drive
a high-flux pulsed-neutron source. These bunches,
which circulate at a 2.8-MHz frequency, are longitudi-
nally confined by an rf electric field produced at
that frequency by a ferrite-loaded coaxial quarter-
wave resonator driven by a unique low-impedance rf
amplifier. The buncher develops a 14-kV peak ampli-
tude across the resonator gap and is energized in
3 ms-long pulses at rates up to 24 Hz. A principal
desi;n challenge exists because of high circulating
heam currents {up to 45 A) that would, in a system
driven by a conventional high-impedance amplifier,
produce an induced voltage phased to interferc with
the bunching actinn and much higher than that of the
rf drive. The chosen solution 1s to feed the cavity
from a low-output 1impedance amplifier whose final
stages operate in Class A with a push-pull common-
anode configuration. With this approach, similar to
the rf system proposed for the colliding-beam acceler-
ator (now cancelled) at BNL,? we can achieve an effec-
tim cystem impedance of about 25 i and can limit
beam-induced effects to an acceptable level. This
naper discusses the decign of the cavity and amplifier
ind reports resuits from preliminary tests.

Introduction

The Q0,2-m-c{i~cumference storage ring consicts
of 1 set of eiectromagnets that radially confines the
protons  and forces them to travel an approximately
circular path, The pariod of rotatinn at ROQ Mev is
A0 s, corresponding to a 2,795-MHz
oy lutisn frequency, During accumy-
1v i, a 220-ns=1ang hurst of bzam is
infocted intn the ring vach revolution;

achieve confinement, one must decelerate protons
arriving early at the bunching gap and accelerate late
arrivais. This process requires a time-dependent
electric field synchronized with the revolution period
of the circulating beam. In its simplest form, the
bunching system produces a 2,8-MHz sinusoidally vary-
ing voltage reaching 14 kV peak across the bunching
gap and phased so that it passes through zero as the
bunch center passes the gap. A more ideal bunching
waveform would be a linear ramp; provisions have been
made to approach this ideal shape by adding an appro-
priate amount of second- and third-harmonic components
to the fundamental sinusoidal waveform.

A plan view of the PSR is included for general
rererence (see Fig. 1). The 2.8-MHz buncher gap is
located in the lower 1left sector of the ring. The
plan view also shows another set of bunchers that
operates at a much higher frequency (503 MHz). In
another mode of PSR operation, the 2.8-MHz buncher is
turned off and this 503-MHz system is turned on in-
stead, confining a set of very narrow bunches (1 ns
w1d€g. The high-frequency buncher operates at the
180N harnonic of the ring's fundamental revolution
frequency; its significant design features have been
described elsewhere.?

Beam Loading

The major feature of the bunching system de-e
scribed here is the use of a common-anode-configured
amplifier to provide a low impedance across the bunch-
ing gap (tens of ohms). This feature 15 needed to re-
duce the effects of heam loading. A vunch containing
% x 1013 protons revolving in the PSR every 360 ns
represents an average current of 22 A. Furtnermore,
because the longitudinal proton density distribution

e timing is  adjustea so that each
hurst stacke on tap of those mrevious-
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is approximately parabolic, the peak current may
exceed 45 A.

An image current travels along the inner surface
of the metal vacuum chamber, along with the beam.
When the image current encounters the bunching gap,
it must cross it. Assuming a 4000-Q shunt impedance,
characteristic of the buncher cavity structure, the
image current will induce a pesk voltage of 88 000 V
at the buncher gap. The beam current, and thus the
image current, 1is 80° out of phasc with the voltage
required to provide bunching action. Fijure 2 is a
vector diagram showing the resulting voltage, which
has a large component phased to decelerate the beam--
an undesirable result.

The shunt impedance conventionally presented to
beam-1image current by the buncher structure can be
represented by a paraliel R,L,C resonant circuit. The
structure 1s generally designed to provide a reason-
ably high impedance across which the power amplifier
can develop the desired bunchirg voiiage without ex-
cessive power requirements. It is possible to select
the components of this circuil so that the beam cur-
rent cancels a reactive current component. The re-
sulting gap voltage will then be properly phased for
bunching without deceleration. Figure 3 demonstrates
this concept, which is equivalent to detuning the
cavity, However, in our case the beam intensity (and
thus the induced voltage) varies as a function of time
(as injection proceedsg as does the desired bunching
voltage, An active feedback system is thus raquired
to implement this method of beam-loading control for
the PSR,  Because of the very large detuning angle
required at the highest currant levels, this method
is complicated, subject to instability, and calls for
a high-power tuning modulator.

Low-Impedance Oriver

If the driving current source of Fig. 3 were re-
placed by a voltage source, the beam-image current
would pass through it without inc cing any vnltage,
This idea is the essence of the method selected to re-
solve beam-loading problems in the PSR 2,9-M4z hunch-
ing system. The amplifier, a8 common-anode-confiyured
device capable of passing the peak beam current, acts
as 8 voltage source in series with a 25-u 1mpedance.
mostly resistive. This low impedance allows the beam-
image current to induce a maximum of 500 V arross

Vet = | 4 kV - - .L&:i\ Iy In fon A

the gap. Because the required maximum bunching volt-
age is 14 kV, the resulting phase erroi is only 2.0°
and is within PSR requirements. No aaditional compen-
sation by cavity detuning is required. With this
driver configuration in parallel with the buncner
gap, the beam sees the resulting network impecance as
essentially the 25-i; amplifier output resistauce ana
not the 4000-i; shunt impedance of the buncher ca:ity
alone,

Cavity Structure

Figure 4 shows the physical details of the struc-
ture used to develop the desired bunching voltage.
The structure is a pair of coaxial quarter-wavelengtn
transmission lines shorted at the ends and arrangeu in
a balanced configuration. The lines are loadea witn
40 moderate-permeability ferrite rings (. = 4U0, o
reducc the physical size of the structure. Tnese
line, are somewhat electrically shorter than u
quarier-wavelength, thus shifting the periodic reso-
nances off the beam-revolution harmonics. Kesounance
at 2.8 MHz 1s accomplished by capacitively terminat-
ing the open ends of the lines. Magnetic-bias fielu
windings are arranged in a series-opposing configura-
tion and powered by a dc current to magnetize the fe--
rite cores and produce the desired resonant frequency
by adjusting the ferrite permeability. At 2.8 wntz,
with the cavity adjusted for resonance, the structurc
exhibits a 4000-;. shunt impedance and requires d49-~.
peak power tn produce the 18-kV peak bunching vclta -,

Amplifier System

The buncher amplifier is reouired to provide a
1-ms-long burst of 2.8-MHz rf voltage at a ca-Hz rep:-
tition rate. This voltage must be phased to pruvige
a zero crosiing when the centroid of the beam-huncn
charge passes the bunching gap. The rf voltage nust
be amplitude rodulated in proportion to the accumulat-
ed beam intensity. A significant fraction of secunu-
and third-harmonic components will be added to ihe
fundamental to praduce an approximately sawtootheu
(ramp) waveform. The amplifier should present a low
impedance across the bunching gap.

Table I gives a detailed listing of the buncher
system parameters and Fig. 5 is a block alagren of tne
system that has been desiqgned to meet these parame-
ters. The amplifier is a broad-band chain consisting
of a pair of common-anode-configured Amperes 5918 in-
dustrial triodes, which form the final amplifier stagc
and common-cathoce configured Eimac 4 CW 25000 power-
tetrode driver/predriver stages. The final stagc
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Fig. 2. Vector diagram, ? am-{nduced
voltage ot 5 x 10'7 protons.

of a resctive element AL to compensate for
beam loading. The added reactive element ul
{s selected so that it passes the entire beam-
cturrent component.
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operates push-pull Class A. The driver and predriver
stages operate Class ABI. A1l stages are held at cut-
of f, then are brought into conduction during the beam
cycle by pulsing the tube grid bias. Capacitor banks
provide the necessary dc energy during the beam cycle,
and current-regulated high-voltage supplies recharge
these capacitors between cycles. Fast-crowbar protec-
tion circuits are included to prevent damage to tubes
and other components during a fault condition,

Figure 6 shows the calculated output impedance of
a common-anocde, Class A, single-ended amplifier stage
using an Amperex 8918A industrial triode. The calcu-
lation takes into account interelectrode capacitances
and the input transformer and terminating resistors,
representing half our actual amplifier--one would
expect twice this impedance across the bu.Lhing gap.
The model has not accounted for tube inductance and
assumes perfect anode bypassing. In reality, the
impedance presented across the gap will be somewhat
higher than this simple model predicts.

Figure 7 is a circuit diagram of our 8918 #inal-
amplifier stage. The heaters are fed from low-capacity
(12-pF) wide-spaced filement transformers, allowing
the entire secondary winding to swing with the output
voltage. The filament leads are bypassed near the
tube by balanced capacitor decks, and a broad copper
strap connected hetween the capacitor decks forms the
output lead. Anode bypassing is accomplished with
broad plates both above and below a ground plane and
insulated with Kapton sheets. An array of transmit-
ting mica capacitors of various values connccts to the
ends of these plates. The broad plates form an effec-
tive h19h-frequenc¥ distributed capacitor and provide
a means of connecting the large lumped elements.

Eacn triode 1s housed 1{n {ts own enclosure
(Fig, 8). These enclosures are set on heavy-duty
s11des and input/output connections are accomplished
with s1iding contact blocks. Quick-connect fittings
located on the rear of the modules are employed for
cooling-water, ac power and high voltage. Components
Are arranged within the modules in a symmetric fash-
fon, allowing a single spare module to be converted
easily from a right-hand unit to a left-hand module.

TABLE 1
BUNCHER SYSTEM PARAMETERS

oeneral:
requency
Harmonic number
Maximum bunching voltage
Stable phase angle

Cavity:
Niiﬁer of cavities ]

2.795139 MHz
]

14 kv, peak
0.

Gaps per cavity 1
Gap iwmpedance.
Entire system 25 i
Cavity only 4000 &
Inductance:
Nominal 16 uH
Range 8-30 uH
Resonating capacity:
Total 200 pf
Distributed and stray 75 pf
Fixed 125 pf
Tuning:
Frequency range 2-4 MHz
Bias winding turns 1
Nominal bias current 170 A
Bias current range 0-500 A
The rf power dissipated
in ferrite 1.5 kW @ 12 H2
3.0 kW @ 24 Hz
nglifier:
ype Common anode
Configuration Push=Pull
Class of operation A: gated
Maximum duty cycle 7%

3 ms at 14 kV peak
23 kW @ 12 Hz
46 kW @ 24 Hz
Amperex 8918

Maximum rf oulse length
The rms input power

Power tube

The dc Supply:
ype

Current and voltage-
regulated charging
supply and capaci-
tor bank

Voltage 15 kV maximum
Stored energy 32 kJ maximum
Protection:
gh voltage Fast crowbar
Spark gaps at tube
elements
Ccoling Cavity
overtemper ature
Water pressure
ralief
Mater flow
Other roor cavity vacuum

Pearson Model 1010 current transforiswrs are included
within the 8918 modules as a diagnostic to monmitor
tube current. The input transformer and terminatiny
resistors, both water-cooled, are alsv mounted on
slides. This {input module is not removahle, but all
components are readily accessible with the module
fully extended.
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Fig. 5. PSR 2.8-MHz buncher system block diagram.

o LEAD NOUCTANCE

driven with-a 7000-V peak signal ang its
in; .t impedance at 2.8 Mhz, primarily the

70-pF grid-to-plate capacitance, is about
800-: capacitive. Because broad-band
operation {5 desired, to allow the addi-
tion of second- and third-harmonic compo-
nents, 450-i input terminating resistors
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Fig. 6.

Driver Stages

Common-anode amplifiers are notoriously difficult
%o drive at high frequencies because they have a voit-
age jain less than unity. Each 8918 module must be

Calculated output impedance for a single 891A module,

are shunted across the grid to plate capa-
citance. The driver stage must proviue
about 18-A peak to this parallel network
for each 8918 module. The driver stage
consists of four Eimac 4 CW 25000 pbower
tetrodes operated in a parallel push-pull
configuration. The tubes are operatec at
10-kV anode voltage and with 2500- to
3000-V screen potential, The ariver stage
{s transformer coupled to a pair of 3U-.
half-wavelength transmission 1ines that
feed the input transformer of the final
stage. A predriver stage consisting of a
pair of 4 CW 25000 tetrodes proviues yrid
input to the driver stage. An ENI A3U0
solid-state amplifier feeds the predriver.

Programmablc Grid Supply

During the \ime between PSK Leawm
pulses, about 40 ms, all amplifier stages
are held in cutoff by programmable grid
supplies. These solid-state supplies can
provide up to 1500-V cutoff bias into 10-k.
loads and can provide a positive-go'ny
1000-V pulse into a dynamic load of ZUu .
A Static Induction Transistor (SIT), Tokin
mode) 2 SK 183V, is operated in a linear mode to allow
for ramped hias control or for any other desired pro-
gram function. Gate drive for the SIT is obtained
from a negatively offset RCA-HC 2500 power operational
amplifier. Feedback for the RCA-HC 2500 is cerived
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from a 10-i1 resistuor in the SIT source circuit.

Both

the SIT and the RCA-HC 2500 float at the cutoff bias

voltage.
fier provides the 1500-V input signal isolation,

An Analog Devices AD-2RAL isolation ampli-

Final amplifier stage circuit diagram.

Results

The 2.8-MHz PSR buncher system is ncw aboutl 7Ja
complete, with one 8918 module; all power supplies,
crowbars, and capacitor banks; the driver stage; anu
the bunching cavity itself on hana. A single, 8917
final-amplifier module has been operateas into the
bunching cavity at 12-kV peak voltage across the gap.
During final stage testing, the cavity was detuned to
appear either capacitive or inductive with no indica-
tion of stability difficulties. The amplifier output
impedance 1s in the tens of ohms at 2.8 MHz, but a
more detalled measurement of the actual impedance that
will be seen by the beam cawalits ccmpletion of the
second 8918 module.
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